Limb-girdle muscular dystrophy (LGMD) 2A (calpainopathy) is the most frequent form of LGMD in many European countries. The increasing demand for a molecular diagnosis makes the identification of strategies to improve gene mutation detection crucial. We conducted both a quantitative analysis of calpain-3 protein in 519 muscles from patients with unclassified LGMD, unclassified myopathy and hyperCKemia, and a functional assay of calpain-3 autolytic activity in 108 cases with LGMD and normal protein quantity. Subsequently, screening of CAPN3 gene mutations was performed using allele-specific tests and simplified SSCP analysis. We diagnosed a total of 94 LGMD2A patients, carrying 66 different mutations (six are newly identified). The probability of diagnosing calpainopathy was very high in patients showing either a quantitative (80%) or a functional calpain-3 protein defect (88%). Our data show a high predictive value for reduced-absent calpain-3 or lost autolytic activity. These biochemical assays are powerful tools for otherwise laborious genetic screening of cases with a high probability of being primary calpainopathy. Our multistep diagnostic approach is rational and highly effective. This strategy has improved the detection rate of the disease and our extension of screening to presymptomatic phenotypes (hyperCKemia) has allowed us to obtain early diagnoses, which has important consequences for patient care and genetic counseling.
Introduction
Autosomal recessive limb-girdle muscular dystrophies (LGMD type 2) are a heterogeneous group of disorders, which are characterized by progressive involvement and wasting of proximal limb-girdle muscles, and include at least 14 different genetic entities (LGMD2A -LGMD2N).
Although LGMD2I is the most common form of all LGMDs in Northern Europe, 1 LGMD2A (MIM#253600) is the most prevalent in many European countries, 2 -10 Turkey, 11, 12 Brazil, 13 Japan, 14, 15 Russia 16 and Australia, 17 with variable frequencies that differ depending on ethnic clusters and geographic origins. Estimates based on molecular data indicate that LGMD2A frequency ranges from about 10% of LGMD cases in the United States 18, 19 to 80% in the Basque country and Russia. 16, 20 LGMD2A is caused by mutations in the CAPN3 gene (MIM#114240, mapped to 15q15.1 -q21.1) encoding for a muscle-specific proteolytic enzyme called calpain-3 21 that is involved in the complex process of sarcomere remodeling. 22 Many clinical and molecular studies, carried out on large series of calpainopathy patients, have highlighted the heterogeneous features of the disease at the clinical, molecular and protein levels. 23 -26 The onset of muscle weakness and the progress of clinical course may vary considerably, as may the spectrum of phenotypes that is becoming increasingly wider, including, hyperCKemia, pseudometabolic myopathy and eosinophilic myositis. 5, 27, 28 Genotype -phenotype correlation studies have demonstrated that this clinical variability may be only partly attributable to gene mutations 24, 26, 29, 30 (interfamilial and intrafamilial variability because of the same mutation), which suggests that additional epigenetic/environmental factors might play a role in modulating the phenotype expression. The molecular diagnosis of LGMD2A is increasingly being demanded because of the high frequency of the disease. This diagnosis is challenging, because such mutational analysis is cumbersome as it has to identify widespread mutations in this relatively large gene. Thus, it is essential that strategies, which can detect those muscle biopsies that are likely to harbor CAPN3 gene mutations, as well as improve and simplify mutation detection in general have to be found.
Our approach to the diagnosis of LGMD2A is based on a preliminary quantitative protein analysis in muscle that is associated with a functional assay to assess calpain-3 autolytic activity when the quantity is normal and on subsequent gene mutation screening.
Materials and methods

Selection criteria of patients and muscle biopsies
The muscle biopsy bank at the Neuromuscular Center in the University of Padova, which contains about 8000 specimens, was surveyed to select patients who fulfiled the following criteria: normal expression of dystrophin, a-sarcoglycan, dysferlin, caveolin-3, merosin, emerin in muscle biopsy using immunoblot or immunohistochemical analysis; muscle histopathology consistent with a dystrophic or myopathic process; clinical phenotype ranging from LGMD to asymptomatic with only increased serum creatine kinase (CK) level at rest (4500 U/l) of unknown etiology.
Of 519 patients who were included in this study, 242 had LGMD, 90 had unclassified myopathy and 187 had asymptomatic hyperCKemia. Fifty-eight LGMD2A patients included in this study have been described previously (Table 1) .
At the time of diagnosis, open biopsies of quadriceps femoris or biceps brachii muscle were obtained after written informed consent from patients or their relatives. All procedures were conducted after the approval had been obtained from the University review board.
Semiquantitative immunoblot analysis of calpain-3
Conventional immunoblot analysis of calpain-3 was conducted as described previously 23 with minor modification.
Briefly, cryostat sections of muscle biopsies were dissolved in loading buffer, boiled and centrifuged. Proteins were resolved by SDS-polyacrylamide gel electrophoresis and blotted to nitrocellulose membrane. Blots were air-dried, blocked with 5% nonfat milk in Tris-Tween-20 saline buffer and incubated overnight with monoclonal antibodies against calpain-3 (Calp12A2 -epitope in exon 8 -Novocastra Laboratory, Newcastle upon Tyne, UK) diluted 1:800. After thorough washing, the immunoreactive bands were visualized using antimouse peroxidase-conjugated antibodies and the chemioluminescent method (ECL, GE Healthcare, UK).
The quantity of calpain-3 protein in the patient's sample was determined by densitometry using ImageJ software v.1.34 (normalizing the full-sized 94-kDa band on blots to the myosin band in the post-transfer Coomassie bluestained gels), and was expressed as a percentage of control.
We arbitrarily considered the reduction in calpain-3 protein quantity of less than 50% of controls as a significant deficiency (partial protein defect).
Analysis of calpain-3 autolytic activity
The muscle biopsies from patients who showed normal calpain-3 quantity with preliminary immunoblot, underwent a further in vitro biochemical assay that was developed using a modified version of the conventional immunoblot to test calpain-3 autocatalytic activity. 31 In brief, muscle cryostat sections from controls and patients were quickly dissolved in saline solution and incubated at room temperature for 5 min, before the reaction was blocked by adding loading buffer containing EDTA chelating Ca þ þ ions. All samples were then processed as described for conventional calpain-3 immunoblot. In the tetra-primer ARMS-PCR method, one pair of outer control primers and two inner primers specific for mutant or wild-type allele are used in the same reaction. By positioning the outer primers at different distances from mutation point, two different small allele-specific products and one large control PCR product are produced. Primer sequences (Supplementary Table 1 ) were designed using the human CAPN3 sequence as reference (GenBank accession #AF209502.1) and Primer-Express software for ARMS-PCR or a specific software (http://cedar.genetics.soton.ac.uk/public_html/primer1.html) for tetra-primer ARMS. PCR reactions were performed as described elsewhere. 8 LGMD 0 F c.1333G4A, p.G445R, ex.10 F Fanin et al 26 
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Mutation screening by SSCP (single strand conformational polymorphism)
The screening of CAPN3 gene mutations was also performed using SSCP technique. The entire coding sequence (except exons 12 and 24, which are rarely involved in mutations) and the promoter region were amplified by PCR; the products were mixed with denaturing loading buffer, denatured by heating and immediately placed on ice. Gel electrophoresis was conducted using multiple sets of 0.75-mm thick minigels (cells for multiple gels); appropriate acrylamide concentrations (both with and without 5% glycerol) and electrophoresis conditions were set for each amplicon (Supplementary Table 2 ). The gels were then silver stained using standard methods.
DNA sequencing and analysis
The PCR products containing nucleotide changes (distinguishable by aberrant migration bands after SSCP analysis) were purified by enzyme reaction (ExoSap-1, GE Healthcare), and directly sequenced using the Big-Dye di-deoxyterminator cycle sequencing kit and ABI-PRISM 3700 automated sequencer (Applied Biosystems). Sequence analysis was carried out using Chromas and ClustalW softwares with the human CAPN3 gene sequence as reference. The prediction of the potential pathogenetic effect of newly identified mutations was determined by in silico analysis using specific softwares (Splicing Sequence Finder www.umd.be/HSF/; SpliceSiteFinder; BDGP at www.fruitfly.org/seq_tools/splice.html and SIFT at http:// blocks.fhcrc.org/sift/SIFT.html). (Table 1) , 42 (64%) of missense type, two (3%) in-frame deletion and 22 (33%) of null type (nonsense, frame-shifting deletion/insertion, splicing mutations). Most mutations found have already been reported, and some of them recurred in our population. However, six mutations (c.1385T4G, p.L462R exon 11; c.266A4G, p.Y89C exon 1; c.59delC exon 1; c.1030-1G4A intron 7; c.235G4C, p.E79Q exon 1 and c.1193 þ 6T4A intron 9) were identified for the first time (not found in 100 control chromosomes), and their pathogenetic effect has been analyzed.
Results
Calpain
The c.59delC mutation (patient 54) causes a frameshifting with consequent deleterious effect. The deleterious effect of the c.1030-1G4A mutation (found in patient 43 in heterozygote state with a null mutation and associated with absent protein), is expected. Indeed, in silico analysis predicted that it potentially interferes with the correct splicing by weakening the acceptor site, likely resulting in an out-of-frame skip of exon 8. The c.1193 þ 6T4A mutation was associated with absent protein, when in heterozygote state with a splice site mutation (patient7), with severe protein defect, when in heterozygote state with a missense (patient 69), or an unknown mutation (patients 63 and 67), or with normal protein quantity, when in heterozygote state with a missense mutation, that causes the loss of autolytic activity (patient 76). These data suggested its deleterious effect. In silico analysis predicted that this mutation potentially interferes with the correct splicing, making more probable a different donor site localized 31 bases downstream the canonical one.
Of the three newly identified missense mutation, the p.E79Q was associated in one sporadic patient (patient 82) with another missense allele and loss of autolytic activity; the p.L462R was found in one patient (patient 30) with o5% residual protein quantity, in heterozygote state with an unknown mutation; the p.Y89C was found in one LGMD patient (patient 80) with normal protein quantity, in heterozygote state with an unknown mutation. The amino-acid change lysine (nonpolar) to arginine (polar, charged) resulting from p.L462R mutation is expected to severely compromise the structure/function of the protein, whereas the change glutamic acid (polar, charged) to glutamine (polar, uncharged) resulting from p.E79Q mutation and the tyrosine (polar, uncharged) to cysteine (uncharged, nonpolar) resulting from p.Y89C are expected to be more tolerated, as predicted by in silico analysis.
In a total of 94 LGMD2A patients (Table 1) , we were able to identify 90.4% of the mutant alleles, 52% of which were detected using allele-specific tests and the remainder using SSCP analysis (Table 1) .
Of the 17 mutations selected for allele-specific tests, the p.R490Q, p.R490W, p.R489Q, p.G496R and p.G222R were found to be associated with normal protein expression.
Both mutant alleles were identified in 81% of cases and only one mutant allele was found in 19% of cases. Although the pathological nature of the second allele remains to be demonstrated, we infer that these latter patients are indeed affected with LGMD2A because they have either a clinical LGMD phenotype, and/or reduced absent protein or loss of calpain-3 autolytic function. The identification of the second mutant allele was likely missed because of the incomplete sensitivity of screening methods and the possibility that some mutations may be localized in noncoding regions (eg, deep intron mutations, deletions or duplications of one or more exons).
Molecular characterization of patients
We diagnosed 94 LGMD2A patients (including 36 newly reported cases, Table 1 ): 73% had quantitative protein defect, 16% had a functional protein defect and 11% had normal protein quantity.
CAPN3 gene mutations were found in 80% of the cases showing a complete or partial calpain-3 protein defect and in 88% of the cases, showing the loss of calpain-3 autolytic function. In two patients (12%), a false-negative result was obtained with the autolytic activity assay. The combined biochemical -molecular diagnostic approach that we used resulted in a very high probability of obtaining LGMD2A diagnosis in patients who already show either a quantitative or a functional calpain-3 protein defect.
Of the 178 cases with LGMD, myopathy or hyperCKemia of unknown origin who showed normal protein quantity and normal or unknown autolytic activity, molecular screening permitted the identification of a further 10 patients, which indicates that normal finding of calpain-3 quantity is associated with a 5.6% residual probability of primary calpainopathy.
Discussion
Since its first description in 1995, a number of studies have investigated LGMD2A at the clinical, biochemical and molecular level to assess the natural history of the disease, to report the atypical clinical features and to correlate the phenotype with the protein expression and the genotype.
In the early years of calpainopathy research, the identification of CAPN3 gene mutations was also performed to investigate the pathogenetic effects of gene mutations, which justified using advanced technical methods and expensive procedures. Recently, laboratories dedicated to neuromuscular diagnosis have been faced with increasing demand for molecular characterization of LGMD2A, largely because of the high frequency of this disease in most populations. Laboratories worldwide molecularly diagnose LGMD2A using a variety of diagnostic approaches, often depending on different clinical options (to perform a muscle biopsy or not), equipment availability (automated sequencer, DHPLC or electrophoresis apparatus), methods adopted for mutation analysis (sequencing the entire coding gene, screening of mutations by DHPLC or SSCP) and both human and economic resources.
Thus, the best way of making further advances in the molecular diagnosis of LGMD2A has become an important topic. Clearly, the fundamental factor that determines the choice of the diagnostic testing strategy in LGMD2A is whether a muscle biopsy is available or not.
Sequence analysis of the entire CAPN3 gene from genomic DNA seems to be the best diagnostic step in unclassified LGMD patients for whom muscle biopsy is unavailable. As LGMD2A is the most common form of LGMD worldwide and in most European countries, this strategy offers 30-40% probability of identifying calpainopathy patients.
The availability of a muscle biopsy in unclassified LGMD patients is considered the most important tool in the complex process of diagnosis, because it permits the analysis of a number of the muscle proteins responsible for LGMD. Indeed, in many laboratories, the identification of calpain-3 protein defect in muscle is used to select patients for the subsequent gene mutation analysis. 23, 25, 26 By identifying 94 LGMD2A patients, we demonstrated that a molecular diagnosis can be obtained in at least 80% of patients showing calpain-3 protein deficiency, which suggests that the search for mutations is highly efficient in such cases. The eventual extension of mutation screening to patients with unclassified LGMD and normal calpain-3 protein or unknown protein data would provide a lower rate of molecular diagnosis. The molecular analysis of such patients is actually adopted on a research basis.
However, 25% of the LGMD2A patients in this study showed normal calpain-3 quantity because of mutations that are expected to result in an inactive enzyme and might affect either the autolytic or the proteolytic activity. 31, 32 Furthermore, we feel that because of its high sensitivity (12% of false-negative results) and easy procedure, the functional test for calpain-3 autolytic activity is a valuable tool in the diagnostic algorithm of LGMD2A when protein quantity is normal.
The choice of the approach to be used in the search of gene mutations may be population dependent. Indeed, single point mutations recur in specific LGMD2A populations and some exonic regions are more susceptible to harbor disease-causing mutations. 5,7 -9,12,16,23,24,26 In our patient population, the use of allele-specific test for recurrent mutations, proved to be an efficacious strategy that has provided a high mutation detection rate and speeded up the genetic analysis. The possibility that molecular diagnosis could be obtained at RNA level deserves consideration; however, some mutations cannot be detected at RNA level (including those associated with the nonsense-mediated mRNA decay mechanism), and cDNA analysis cannot substitute genomic analysis because identified mutations must be confirmed at genomic level.
The results of our systematic investigation of a large series of patients showed that although LGMD2A diagnosis is based on genetic testing, biochemical assays make it possible to restrict laborious genetic analysis to a limited number of patients who have a high probability of being affected with primary calpainopathy. Using our combined biochemical -molecular strategy, we improved the detection rate of LGMD2A, expanded the screening to patients with asymptomatic hyperCKemia and were often able to obtain an early diagnosis which is very important for genetic counseling.
